We report here on a calculation of thermalization time-scale of the two temperature advection dominated accretion flow (ADAF) model. It is established that time required to equalize the electron and ion temperatures via electron-ion collisions in the ADAF with plausible physical parameters greatly exceeds the accretion time, which corroborates validity one of the crucial assumptions of the ADAF model, namely the existence of a hot two temperature plasma. This work is motivated by the recent success of the ADAF model [Nature 394 (1998) 651; MNRAS 304 (1999) 501] in explaining the emitted spectrum of Sgr A*, and it is complementary to the similar analysis of Mahadevan and Quataert [ApJ 490 (1997) 605].
Introduction
that the luminosity of the central object should be 40 21 more than 10 erg s , provided the radiative Identification of the true nature of enigmatic radio efficiency is the usual 10%. However, observations source Sgr A* at the Galactic center has been a indicate that the bolometric luminosity is actually 37 21
source of debate since its discovery. Observations of less than 10 erg s . This discrepancy has been a stellar motions at the Galactic center (Eckart and source of exhaustive debate in the recent past. Genzel, 1997; Genzel et al., 1996) and low proper
The broad-band emission spectrum of Sgr A* can 21 motion ( # 20 km s ; Backer, 1996) of Sgr A* be reproduced either in the quasi-spherical accretion 24 indicate that, on the one hand, it is a massive model (Melia, 1992 (Melia, , 1994 with M . 2 3 10 M ( 6 21 (2.560.4)310 M object dominating the gravitayr or by a combination of disk plus radio-jet ( tional potential in the inner # 0.5 pc region of the model (Falcke et al., 1993a,b) . As pointed out by galaxy. On the other hand, observations of stellar Falcke and Melia (1997) , quasi-spherical accretion winds and other gas flows in the vicinity of Sgr A* seems unavoidable at large radii, but the low actual suggest that the mass accretion rate M is about luminosity of Sgr A* points toward a much lower 26 21 6310 M yr (Genzel et al., 1994) . This implies accretion rate in a starving disk. Therefore, Sgr A* quasi-spherical accretion. Recently, have proposed an alternative model the assumption (b) its validity would be hard to for the mass distribution at the galactic center in verify as it is related to the yet unknown mechanism which the customary supermassive black hole is of viscosity in the accretion flow. The latter problem replaced by a ball composed of self-gravitating, stands on its own in astrophysics. As concerns the degenerate neutrinos. It has been shown that a assumption (a) it is from the field of plasma physics 6 neutrino ball with a mass 2.5310 M , composed of were we seem to have more comprehensive in (1998, 1999) for future tests of the spectrum of Sgr A*, we set out with the aim to check model. have performed validity of the assumption (a). It should be noted that calculations of the spectrum emitted by Sgr A* in the similar previous analysis exists (Mahadevan and framework of standard accretion disk theory, assumQuataert, 1997). These authors have investigated the ing that Sgr A* is a neutrino ball with the aboveform of the momentum distribution function for mentioned physical properties, and established that at protons and electrons in an ADAF. They have shown least part of the calculated spectrum, were the that for all accretion rates, Coulomb collisions are observational data is most reliable, is consistent with too inefficient to thermalize the protons. The proton the observations. distribution function is therefore determined by the Probably the most successful model which is viscous heating mechanism, which is unknown. The consistent with the observed emission spectrum of authors also have established that the electrons can Sgr A* has been developed by Narayan et al. (1995, exchange energy quite efficiently through Coulomb 1998) (see also Manmoto et al., 1997) . This model is collisions and the emission and absorption of based on the concept of advection dominated accresynchrotron photons. Using the ADAF model, and tion flow (ADAF), in which most of the energy the fact that time required for the electrons and released by viscosity in the disk is carried along with protons to reach thermal equilibrium depends on the the plasma and lost into the black hole, while only a accretion rate and also using standard estimate of the small fraction is actually radiated off. Recent papers accretion time, Mahadevan and Quataert (1997) have by Mahadevan (1998 Mahadevan ( , 1999 have significantly adset bounds on the critical accretion rate above which vanced ADAF model. Inclusion of additional emiselectrons and protons become thermally well coupled sion component, namely synchrotron radiation from and so the assumption of the two-temperature plasma 6 e created via decay of charged pions, which in turn is no longer valid, prohibiting existence of the are produced through proton-proton collisions in the ADAF. ADAF, has significantly improved fitting of the Sgr Our study is complementary to that of Mahadevan A* spectrum in the low frequency band. After and Quataert (1997) as we take plausible physical removing the latter discrepancy ADAF model of the parameters which were obtained from the fit of the Sgr A*, apart from the size versus frequency con-ADAF model to the observed spectrum and then straints (Lo et al., 1998 and references therein) which calculate thermalization time-scale for the electrons remain problematic for all current emission models and ions. Comparison of this time-scale to the of the radio source anyway, seems to be the most accretion time allows us to check the validity of the viable alternative. Thus, basic assumptions of the assumption (a). ADAF model should be carefully examined from the point of view physical consistency. As appropriately pointed out by Mahadevan (1999) , in order for the 2. The model ADAF solutions to exist two basic assumptions in plasma physics must be satisfied: (a) existence of a It would be reasonable to believe that if the time hot two temperature plasma, and (b) the viscous required to equalize the electron and ion temperaenergy generated primarily heats the protons. As to tures appears to be sufficiently large in respect to the accretion time, then one might be confident that the n ) and finally as the SI system of units is used, ] 5 2 n (T 2 T ), (2) actual value of the n in the ADAF around Sgr A* eq i e dt (Manmoto et al., 1997; Manmoto, 1999) . In Fig. 1 23 with the number density (in cm ) profile is given. As established by Manmoto et al. (1997 Manmoto et al. ( , 1999 such
ADAF number density profile corresponds to the
eq 1 / 2 2 e i case when best fit of the ADAF model to the 3(2p) pm mé i 0 observed emission spectrum is achieved. We gather (e,i) Here ln L is the Coulomb logarithm for electronfrom this plot that the maximal value of the n (e,i) 10 23
ion collisions given by ln L 5 22.0 2 0.5 ln n 1 actually attained is somewhat less than 10 cm e 5 1 6 23 ln T , (T . 1.4 3 10 K), e and q are charges of (10 m ) -the value we also use in our calculae e i electrons and ions respectively, m , m and T , T are tions as a highest value of the number density.
e i e i their masses and temperatures (in Kelvin), V and V Naturally, as more dilute plasma is as much time will e i are thermal velocities of the electrons and ions, n is be required to equilibrate electron and ion temperathe number density of plasma (we have assumed the tures via electron-ion collisions. global charge neutrality of the ADAF, i.e. n 5 n 5
The results of our calculations are presented in e 23 Fig. 1 . The number density (n in cm ) versus radius profile which corresponds to the case when the best fit of the ADAF model (Manmoto et al., 1997; Manmoto, 1999) to the observed emission spectrum of the Sgr A* is achieved. ( Mahadevan, 1998 Mahadevan, , 1999 . At this point we need to number density 10 m which corresponds to the estimate the accretion time for the ADAF. The maximal value attained in the ADAF model of Sgr relevant expression for the accretion time can be A*, the time of electron-ion temperature thermalizafound in Mahadevan and Quataert (1997) : tion is about 20 yr which is still about three orders of magnitude larger than the estimated accretion time. t . 1.8 3 10 a m r s. Therefore we conclude that the assumption of the a existence of a hot two temperature plasma is valid, Here, a is the Shakura-Sunyaev's viscosity parameor at least initial temperature difference will not be ter, which is usually 0.3 for the ADAF, m is the mass washed out by the electron-ion collisions within the of central object in solar masses and r is the radius in accretion time. Schwarzschild units (R ). Since we have done calcuIt should be acknowledged that the formulas used s lations using parameters relevant for the Sgr A*, for in this paper, strictly speaking, are valid for non-6 the m we take 2.5 3 10 . For the r we take mean relativistic plasma regime (Melrose, 1999) 7.5 3 10 s52.4 3 10 yr. temperature equalization time-scale obtained is so We gather from the plot that the time required to large, that even inclusion of the relativistic effects in to the T (t)'s whereas dashed lines correspond to the T (t)'s. Note that equalization of the temperatures occurs more and more later as the e i plasma becomes more dilute, which is according to general physical expectations.
